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Abstract 

We report a versatile method to engineer arrays of nitrogen-vacancy (NV) color centers in dia- 
mond at the nanoscale. The defects were produced in parallel by ion implantation through 80 nm 
diameter apertures patterned using electron beam lithography in a PMMA layer deposited on a 
diamond surface. The implantation was performed with CN~ molecules which increased the NV 
defect formation yield. This method could enable the realization of a solid-state coupled-spin array 
and could be used for positioning an optically active NV center on a photonic microstructure. 
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I. INTRODUCTION 



The nitrogen-vacancy (NV) color center in diamond, consisting of a substitutional nitro- 
gen atom (N) associated to a vacancy (V) in an adjacent lattice site of the crystalline matrix, 
has found a wide range of applications in quantum information processing. It is a robust 
luminescent center which, once isolated at the individual level [l| , can be used to implement 



efficient single-photon quantum key distribution protocols [2]. Moreover, the association of 
a spin structure in the ground level having a long coherence time at room temperature with 
spin dependent optical transitions allows for quantum state preparation by optical pumping 
and single-spin quantum state readout [3| . However, development of most of the envisioned 
applications require to position the NV center with nanometer-scale accuracy. This spatial 
control could be the basic technology for building a scalable quantum simulator based on 



a. 



The con- 



spins associated to an array of NV defects with magnetic dipolar coupling 
trol of the position of a NV defect could also help to enhance the photon out-coupling by 
channeling its luminescence toward a photonic structure, like a dielectric nanowire [5[ or a 



metallic antenna js]. 

A practical solution can consist in addressing NV centers in diamond nanocrystals 
By manipulating the nanoparticle with a tip-based system , it is then possible to 
place an hosted NV defect at a controlled location. This technique was used to couple the 
luminescence of a single NV center to a photonic waveguide [lOj and could be scaled up 
to build arrays of NV defects. However, the dipolar magnetic coupling between two NV 
centers is limited to a distance of a few tens of nanometers in the case of millisecond spin 
coherence time reached in utaapure single-crystal diamond grown using the chemical vapor 
deposition (CVD) method [11]. Due to an uncontrolled level of impurities and to parasitic 
surface effects, the spin coherence of NV centers in nanodiamonds is up to now limited to 
much smaller values and this bottom-up approach cannot be realistically envisioned, even 
with touching state-of-the-art luminescent nanodiamonds [l^ . 

Ion-beam nitrogen implantation is a flexible technique to create individual NV centers in 



a diamond sample 13|, Il4| and two-qubit coupling was obtained between implanted nitrogen 



atoms coming from the dissociation of a nitrogen molecule impinging on a diamond surface 
[4, 15]. However, the resolution of a nitro gen ion beam is limited to a few hundreds of 
nanometers even with ion optics correction 16|, thus preventing the scale- up of this clever 



recipe. Alternative techniques enabling the reliable placement of nitrogen impurities into 
a diamond substrate have therefore to be developed. Spatially resolved ion implantation 
with nanometer resolution can be achieved by limiting the aperture of a low-energy ion 
beam with a hole made in a scanning probe which will then define the implantation spot 



171 . Il8| or by the release from a Paul-like ion trap in which the ions were captured and 



cooled 



191 ] . In this letter, we report a versatile technique consisting in ion implantation 



through an array of apertures which was patterned in a PMMA layer initially deposited on 
top of the diamond substrate. Our results demonstrate that this technique is well adapted 
to the parallel implantation of any impurity inside a large number of targeted spots, with a 
resolution defined by the diameter of the aperture. 



II. SAMPLE 



We used an ultra-pure CVD-grown single- crystal diamond with an intrinsic nitrogen 



content much below 1 ppb 20j, ensuring that each detected NV center can be faithfully 



attributed to an implanted nitrogen impurity [21] . After acid cleaning of the sample, a 
200 nm thick layer of PMMA A4 was deposited on the diamond surface by spin-coating. 
Arrays of 80 nm diameter apertures were then patterned on the PMMA layer using a 80 
kV-2.3 nA electron beam lithography equipment (Nanobeam-Ltd). The apertures were 
regularly spaced with a 2 /iin pitch array. After electron beam lithography, the mask was 
finally developed using MIBK/IPA. It resulted in an array of apertures with controlled 
spacing and diameter, as shown in Fig. [1] (a) and (b). This process, which simply relies on 
the deposition of a PMMA resist and patterning using electron beam lithography, prevents 
from any damage of the diamond substrate, as compared to other methods like plasma 
etching or carving with a focused ion beam. 



III. IMPLANTATION 

Nitrogen was then implanted from a CN~ molecular ion beam with 40 keV kinetic energy. 
When a CN~ molecule hit the surface, it broke in two parts. Taking into the mass selection 
in the ion beam, it then became equivalent to a joint implantation of nitrogen 14 N and carbon 
12 C with respective energies about 20 keV and 18 keV. As shown in Fig [TJ (d) and (e), a 
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SRIM simulation 



22j indicates that the nitrogen atoms will stop at an approximate depth 



of 30 ± 10 nm below the diamond surface, whereas they are stopped by the PMMA layer in 
the masked parts of the sample (see Fig. [T] (c)). The evaluated straggling was about 9 nm, 
much smaller than the diameter of the aperture. Note that the simultaneous braking of the 
nitrogen and carbon atoms as they penetrate into the diamond will increase the number of 
vacancies created close to the implanted nitrogen atoms, thus helping in the formation of 
the NV centers £]. 

The toxic CN~ molecules were in situ produced with a negative sputter ion source. Cs 
ions were used to sputter a target consisting of a mixture of BN and graphite powders and 
reaction in the plasma generated above the target led to the creation of CN~ molecules 
among other species. In this ion source which was initially developed for tandem accelera- 
tor, the negatively charged ions were only produced in their single charged state. This effect 
decreased the number of possible ions corresponding to a given energy- mass product, pro- 
viding an easy identification of a given ion which selection was realized by a double focused 
90° magnet. The sorted ions were then accelerated to an adjustable kinetic energy ranging 
from a few keV to hundreds of keV. The output of the accelerator is equipped with an im- 
plantation setup consisting of an electrostatic scanning system and a specifically designed 
chamber with secondary electron suppression {23 ]. 

After the implantation run corresponding to an applied dose of 10 12 ions/cm 2 with a 
current of 600 nA, the PMMA layer was removed by acid treatment. The sample was then 
annealed at 800°C for 2 hours to induce vacancy diffusion leading to the conversion of the 
implanted nitrogen atoms into luminescent NV color centers. 



IV. OPTICAL CHARACTERIZATION OF THE IMPLANTED SAMPLE 

The photoluminescence (PL) properties of the implanted and annealed sample were then 
studied using a home-made scanning confocal microscope. A laser operating at 532 nm 
wavelength was focused onto the sample through an oil immersion microscope objective. 
The PL was collected by the same objective, spectrally filtered from the remaining excita- 
tion laser light, and focused onto a 50 fim diameter pinhole. The PL was finally directed to 
avalanche photodiodes working in photon counting regime. A typical PL raster scan of the 
sample is shown in Fig. [2] (a), displaying an array of photoluminescent spots which matches 
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the PMMA mask with its period of drilled holes. This observation clearly demontrates the 
efficiency of the implantation technique. 



In order to infer the number of emitters associated to each luminescent spot, we performed 
a photon correlation measurement using a Hanbury Brown and Twiss interferometer. Fol- 
lowing the procedure of Ref. 24j for background correction and normalization to shotnoise 
level, the histogram of the time delays r between two consecutive photon detections is 
equivalent to the second-order autocorrelation function g^ 2 \r) of the luminescence intensity 
emitted by the analyzed spot. Fig. [2] (b) and (c) respectively show the photon correlation 
measurement and the spectral analysis associated to the circled spot in Fig. [2] (a). The dip 
observed at zero delay in the g^(r) function is the signature of a single emitter located in 
the corresponding implanted area. Complementary spectral analysis showed that most of 
the observed emitters were of the negatively-charged state NV~. Note that in our case of 
shallow implantation, the remaining defects of neutral charge state NV° could be efficiently 
transformed into their counterpart NV~ by surface oxidation, as shown in Ref. 25]. 

The number N of emitting NV defects in the implanted spots was finally determined from 
combined measurements of the depth of the zero-delay dip in the g' 2 \r) function, and of the 
luminescence intensity compared to the mean level corresponding to a single NV emitter. 
The corresponding histogram is shown in Fig. [31 Since the number of implanted ions is 
random, we obtained a broad distribution which can be fitted by a Poissonian distribution 
with a mean value equal to 3.5. Since the irradiation dose corresponds to approximately 50 
nitrogen atoms per spot, the conversion yield of implanted nitrogen ions into NV defects is 
near 0.07. As expected from the joint implantation of carbon atoms associated to the the 
CN~ molecular beam, this value is more than two times higher than the reported ones for 
low-energy nitrogen implantation Q, Q]. 



V. CONCLUSION 

In conclusion, we showed that arrays of NV color centers can be reliably produced by 
implanting CN~ molecules through the 80 nm diameter holes in a PMMA mask of 200 
nm thickness which was deposited on top of a single-crystal diamond sample. The joint 
implantation of carbon increased the conversion of the implanted nitrogen atoms into NV 
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centers. The apertures and the thickness of the PMMA layer have to be optimized in order 
to improve the resolution of the implanted impurities but fabrication of patterns below 10 
nm have already been reported in thinner PMMA layers j^. This flexible technique holds 
therefore strong promise for building scalable quantum registers based on coupled spins. 
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Figure 1. (a)-Scanning electron microscope image of the surface of the PMMA layer, displaying the 
array of apertures drilled using electron beam lithography. (b)-Enlarged image of the PMMA layer 
surface zooming a single aperture, (c), (d), and (e)-Implantation scheme, with SRIM simulations 
corresponding to the 20 keV nitrogen irradiation of the PMMA layer and the unmasked diamond 
surface. According to the simulation shown in (d), the ions are fully stopped by the 200 nm 
thickness of the PMMA layer. 
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Figure 2. (a) PL raster scan of the sample, displaying an emission pattern matching the array 
of holes drilled in the PMMA layer, (b) and (c)- Analysis realized for each spot, corresponding 
to the determination of the second-order autocorrelation function associated to the time delay r 
between consecutive photon detections, and to the record of the luminescence spectrum. The zero- 
phonon line (* symbol) at 637 nm identified the center as negatively charged NV _ . The signal 
over background associated to a single emitter, as observed in the circled spot, was near 4. 
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Figure 3. Statistics evaluated on 49 sites of the number of NV defects per implanted spot, and fit 
by a Poisson distribution. 
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